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Abstract 61 
While most commonly associated with its role in gibberellin (GA) phytohormone 62 
biosynthesis, ent-kaurene also serves as an intermediate in more specialized 63 
diterpenoid metabolism, as exemplified by the more than 800 known derived natural 64 
products. Among these are the maize kauralexins. However, no ent-kaurene synthases 65 
(KSs) have been identified from maize. The maize GA-deficient dwarf-5 (d5) mutant 66 
has been associated with a loss of KS activity. The relevant genetic lesion has been 67 
previously mapped, and was found here to correlate with the location of the KS-like 68 
gene ZmKSL3. Intriguingly, this forms part of a tandem array with two other terpene 69 
synthases (TPSs). Although one of these, ZmTPS1, has been previously reported to 70 
encode a sesquiterpene synthase, and both ZmTPS1 and that encoded by the third 71 
gene, ZmKSL5, have lost the N-terminal γ-domain prototypically associated with 72 
KS(L)s, all three genes fall within the KS(L) or TPS-e sub-family. Here it is reported 73 
that all three genes encode enzymes that are targeted to the plastid in planta, where 74 
diterpenoid biosynthesis is initiated, and which all readily catalyze the production of 75 
ent-kaurene. Consistent with the closer phylogenetic relationship of ZmKSL3 with 76 
previously identified KSs from cereals, only transcription of this gene is affected in d5 77 
plants. On the other hand, the expression of all three of these genes is inducible, 78 
suggesting a role in more specialized metabolism, such as that of the kauralexins. 79 
Thus, these results clarify not only gibberellin phytohormone, but also diterpenoid 80 
phytoalexin biosynthesis in this important cereal crop plant.  81 
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Introduction 83 
Gibberellins (GAs) are diterpenoid hormones with a variety of roles in vascular 84 
plant growth and development (Sun, 2011). GA biosynthesis begins with sequential 85 
cyclization of the general diterpenoid precursor (E,E,E)-geranylgeranyl diphosphate 86 
(GGPP), first to ent-copalyl diphosphate (ent-CPP) and then to ent-kaurene, catalyzed 87 
by CPP synthases (CPSs) and ent-kaurene synthases (KSs), respectively. This is 88 
followed by oxidative reactions catalyzed by cytochrome P450 mono-oxygenases and 89 
2-oxoglutarate dependent dioxygenases that lead to the production of bioactive GAs 90 
(Yamaguchi, 2008; Hedden and Thomas, 2012). A key step is the ring contraction that 91 
transforms the 6-6-6-5 ring structure of ent-kaurene to the 6-5-6-5 arrangement that 92 
characterizes the GAs (Peters, 2013).  93 
Notably, the GAs are the ancestral members of the labdane-related diterpenoids, a 94 
super-family of over 7,000 natural products united by the common occurrence of a 95 
labda-13E-en-8-yl+ diphosphate intermediate in the initial cyclization reaction 96 
catalyzed by class II diterpene cyclases such as CPSs (Peters, 2010). While such 97 
natural products can be found in many types of organisms, they are particularly 98 
prevalent in plants, where the CPS and KS required for GA biosynthesis serve as a 99 
biosynthetic reservoir (Zi et al., 2014). Indeed, this is true for not only this 100 
super-family, but also the entire class of terpenoid natural products more generally, as 101 
a bifunctional CPS/KS, such as those still found in the early diverging bryophytes 102 
(Hayashi et al., 2006), seems to have served as the ancestral plant terpene synthase 103 
(TPS). The TPSs form moderate-sized gene families in plants, although the vast 104 
majority have lost the N-terminal γ-domain that has been retained in and characterizes 105 
plant KSs (Chen et al., 2011). Notably, the TPSs involved in more specialized 106 
labdane-related diterpenoid biosynthesis seem to be those most closely related to KSs, 107 
and these have been termed KS-like (KSLs), and together the KSs and KSLs make up 108 
the KS(L)/TPS-e sub-family.  109 
The proliferation of labdane-related diterpenoids from GA biosynthesis can perhaps 110 
be most readily appreciated by noting that more than 800 of these natural products 111 
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derived from ent-kaurene, with retention of the signature 6-6-6-5 hydrocarbon ring 112 
structure, are already known (Dictionary of Natural Products – 113 
http://dnp.chemnetbase.com). However, the biosynthesis of only a few of these has 114 
been studied. This includes the steviosides from Stevia rebaudiana (Brandle and 115 
Telmer, 2007), the orzyalides and related diterpenoids from rice (Oryza sativa), and 116 
the kauralexins from maize (Zea mays)(Schmelz et al., 2014). Some of these seem to 117 
be derived from the carbon-carbon double bond (C=C) isomer ent-(iso)kaur-15-ene, 118 
rather than the ent-kaur-16-ene relevant to GA metabolism. In particular, while the 119 
steviosides and oryzalide B series of diterpenoids contain the exocyclic C=C of 120 
ent-kaurene, the oryzalide A and kauralexin B series contain the endocyclic C=C 121 
characterizing ent-isokaurene. By contrast, as the kauralexin A series no longer has a 122 
C=C, these may be derived from ent-kaurene (Figure 1).  123 
Two closely related KSs relevant to stevioside biosynthesis have been identified 124 
(Richman et al., 1999), and extensive investigation of the rice KS(L) gene family also 125 
has been reported (Schmelz et al., 2014; Tezuka et al., 2015). This includes 126 
identification of OsKS1, required for GA production (Sakamoto et al., 2004; 127 
Margis-Pinheiro et al., 2005), as well as a separate ent-isokaurene synthase, OsKSL6 128 
(Kanno et al., 2006; Xu et al., 2007). Interestingly, no KS specific to more specialized 129 
metabolism has yet been identified. Potentially, this is because KS seems to be 130 
constitutively expressed, as flux to ent-kaurene is controlled by CPS, at least in 131 
Arabidopsis thaliana, where over-expression of the native AtCPS increases 132 
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ent-kaurene levels >1,000-fold, with only a minimal (<2-fold) additional increase 133 
observed from over-expression of AtKS as well (Fleet et al., 2003).  134 
There has been extensive investigation of GAs in maize, including early isolation 135 
of various GA-deficient mutants (Phinney, 1956). Among these are anther ear-1 (an1) 136 
and dwarf-5 (d5), whose growth deficiencies can be rescued by application of 137 
ent-kaurene (Katsumi et al., 1964). An1 was later found to encode the ent-CPP 138 
producing ZmCPS1 (Bensen et al., 1995), suggesting that the separate D5 would 139 
encode ZmKS. However, despite previously reported mapping studies (Beavis et al., 140 
1991), and the availability of the maize genome sequence (Schnable et al., 2009), the 141 
relevant gene for D5 has not yet been identified.  142 
Beyond GAs, maize also was reported some time ago to exhibit an increased 143 
capacity for production of various labdane-related diterpenes, including both 144 
ent-kaurene and ent-isokaurene, in response to fungal infection (Mellon and West, 145 
1979). More recently, transcription of An2, encoding the ent-CPP producing ZmCPS2, 146 
was found to be induced by fungal infection (Harris et al., 2005). This eventually led 147 
to identification of the maize kauralexins as anti-fungal phytoalexins (Schmelz et al., 148 
2011), and the role of An2 in such biosynthesis has just been verified (Vaughan et al., 149 
2014). However, while substantial characterization of other maize TPSs has been 150 
reported (Degenhardt et al., 2009), this has not yet been extended to the KS(L)/TPS-e 151 
sub-family.  152 
Here the previously mapped region for d5 is reported to contain a tandem array of 153 
three TPSs, ZmTPS1, ZmKSL3 and ZmKSL5. All three are targeted to plastids in 154 
planta, and catalyze the production of ent-kaurene from ent-CPP. However, only the 155 
expression of ZmKSL3 is abolished in d5 plants, indicating that this serves 156 
non-redundantly as the KS for gibberellin metabolism in maize, consistent with the 157 
closer phylogenetic relationship of this with previously identified KSs from cereals. 158 
On the other hand, transcription of all three genes is inducible, suggesting that these 159 
may play a role in biosynthesis of the kauralexin A series of phytoalexins.  160 
 161 
 162 
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Results 164 
The d5 region contains a tripartite array of KS(L)s 165 
It has been previously reported that maize contains four KS(L)s, termed ZmKSL1-4 166 
(Schmelz et al., 2014). Phylogenetic analysis reveals the presence of two distinct 167 
clades within the cereal KS(L)s, with one clade containing only KSLs involved in 168 
more specialized metabolism, while the other contains both KSLs and KSs with 169 
known roles in GA biosynthesis. Notably, of ZmKSL1-4, only ZmKSL3 falls within 170 
this latter clade (Figure 2). Moreover, ZmKSL3 falls within the region on 171 
chromosome 2 that QTL analysis previously indicated contains the genetic lesion 172 
responsible for the dwarfism associated with d5 (Beavis et al., 1991). Closer 173 
examination of this region of the maize genome revealed the presence of two other 174 
TPSs within 60 kb of ZmKSL3 (Figure 3). One of these corresponds to ZmTPS1, 175 
which has been previously reported to be a sesquiterpene synthase (Schnee et al., 176 
2002), while the other is closely related. Although both of these resemble other TPSs 177 
in lacking the N-terminal γ-domain prototypically associated with KS(L)s, 178 
phylogenetic analysis demonstrated that both fall within the KS(L)/TPS-e sub-family, 179 
and the third gene is then termed ZmKSL5 (Figure 2). ZmTPS1 and ZmKSL5 fall into 180 
the same phylogenetic clade as ZmKSL3. Thus, together these form a tandem array of 181 
KS(L) TPSs. Notably, ZmTPS1 and ZmKSL5 further group with two previously 182 
characterized homoeologs from wheat (Triticum aestivum), TaKSL5-1 and -2, which 183 
also no longer have the γ-domain (Zhou et al., 2012). Intriguingly, these react not only 184 
with the sesquiterpene precursor (E,E)-farnesyl diphosphate (FPP), producing 185 
(E)-nerolidol (similar to the activity originally reported for ZmTPS1), but also with 186 
ent-CPP, producing a 7:3 mixture of ent-kaurene and ent- beyerene (Hillwig et al., 187 
2011). Thus, it seemed possible that ZmTPS1 and ZmKSL5 also might exhibit KS 188 
activity.  189 
In order for the KS activity exhibited by these enzymes to be relevant they should 190 
be targeted to plastids, where diterpenoid biosynthesis is initiated (Zi et al., 2014). 191 
Notably, a high probability for such chloroplast targeting was predicted by a number 192 
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of available algorithms for not only ZmKSL3, but also ZmTPS1 and ZmKSL5 (Table 193 
S1). The predicted signal peptide sequences further enabled construction of 194 
pseudo-mature open reading frames for recombinant expression. 195 
 196 
Recombinant ZmTPS1, ZmKSL3 and ZmKSL5 exhibit KS activity 197 
Biochemical characterization of ZmTPS1, ZmKSL5 and ZmKSL3 was carried out 198 
using a previously described modular metabolic engineering system (Cyr et al., 2007). 199 
Briefly, each of these was expressed as pseudo-mature enzymes in Escherichia coli 200 
also engineered to produce ent-CPP, leading to formation of ent-kaurene and 201 
demonstrating that all three exhibit KS activity (Figure 4A). When these further were 202 
expressed in E. coli engineered to produce FPP instead, no sesquiterpene product(s) 203 
were detected for ZmKSL3 or ZmKSL5, although ZmTPS1 did produce a few 204 
sesquiterpenes (Figure S1), consistent with the previously reported characterization 205 
(Schnee et al., 2002). These recombinant results encouraged further examination of 206 
biochemical function in planta.  207 
 208 
ZmTPS1, ZmKSL5 and ZmKSL3 targeting and in planta KS activity 209 
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Nicotiana benthamiana has been reported to be a good host for plant metabolic 210 
engineering, particularly including diterpene production, with transient expression of 211 
the relevant terpene synthases (Bruckner and Tissier, 2013). In an initial trial, transient 212 
expression of ZmTPS1, ZmKSL3 or ZmKSL5 under control of the 35S promoter in N. 213 
benthamiana did not lead to the detection of any new terpenes by GC-MS analysis. 214 
Given the low endogenous levels of ent-CPP in N. benthamiana, it was reasoned that 215 
co-expression of ent-CPS might be required to detect KS activity. Co-expression of 216 
An2/ZmCPS2 with either ZmTPS1, ZmKSL3 or ZmKSL5 resulted in detection of 217 
ent-kaurene in the transformed tobacco tissue (Figure 4B). These results not only 218 
provide further evidence for KS activity for all three enzymes, but also indicate that 219 
these are in fact targeted to the plastid along with ZmCPS2. Further evidence for 220 
plastid targeting was obtained by fusing ZmKSL3, ZmTPS1 and ZmKSL5 to eGFP 221 
(enhanced green fluorescence protein). These constructs also were transiently 222 
expressed in N. benthamiana, with confocal laser scanning microscopy revealing their 223 
localization to the chloroplasts (Figure S2). Accordingly, all three of ZmTPS1, 224 
ZmKSL3 and ZmKSL5 exhibit KS activity in planta and could plausibly have a role 225 
in gibberellin biosynthesis.  226 
 227 
ZmKSL3 corresponds to d5 228 
To determine which of ZmTPS1, ZmKSL3 and/or ZmKSL5 are involved in GA 229 
biosynthesis their expression was analyzed in d5 maize seedlings, whose GA deficient 230 
dwarf phenotype was confirmed by the ability of exogenous GA3 to restore internode 231 
growth and plant height (Figure S3). Expression of all three genes can be detected in 232 
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the parental line. However, ZmKSL3 was not expressed in the d5 mutant, while 233 
ZmKSL5 and ZmTPS1 expression was still observed (Figure 5A). By contrast, 234 
analysis of the available Uniform Mu mutants for ZmKSL5 and ZmTPS1 demonstrated 235 
that, despite significant reduction in expression of the relevant gene, in both cases no 236 
dwarf phenotype was observed (Figure S4). In addition, cDNA for both ZmTPS1 and 237 
ZmKSL3 were cloned from d5 plants, and found to contain no significant changes 238 
relative to those cloned from the B73 line (above), with the encoded enzymes further 239 
exhibiting the expected KS activity (Figure S5). Thus, ZmKSL3 clearly corresponds 240 
to the d5 mutation and encodes the KS relevant to maize GA metabolism.  241 
The genetic lesion underlying the loss of ZmKS(L3)/D5 expression and dwarf 242 
phenotype of d5 was determined by sequencing the relevant genomic region. While 243 
there were no significant differences in the protein-coding region of ZmKSL3 between 244 
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d5 and B73, there was a substantial deletion and several mutations in the 5′ 245 
untranslated region close to the start codon in d5. The corresponding ZmKS(L3)/D5 246 
region from B73 and the parental line A188 contains a CAAT box, loss of which 247 
presumably underlies the loss of ZmKS(L3)/D5 expression in d5 (Figure 5B).  248 
 249 
Inducible expression suggests role in more specialized metabolism 250 
Given the potential use of ent-kaurene as a precursor in biosynthesis of the 251 
kauralexin A series of antifungal phytoalexins (Figure 1), we examined the 252 
expression of ZmTPS1, ZmKS(L3)/D5 and ZmKSL5 in response to fungal infection. In 253 
particular, the accumulation of phytoalexins in response to infection is typified by 254 
transcriptional induction of the relevant biosynthetic genes (Ahuja et al., 2012). The 255 
kauralexins were reported to be constitutively present at low levels in seedlings, with 256 
dramatic increases induced by biotic and abiotic stress, suggesting constitutive and 257 
inducible expression of the relevant biosynthetic genes (Schmelz et al., 2011; 258 
Vaughan et al., 2014). Previously reported microarray analysis indicates that all three 259 
of these KS(L)/TPS-e genes were constitutively expressed in B73 seedlings, with 260 
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ZmKS(L3)/D5 specifically expressed in actively growing tissues, such as the meristem, 261 
internode, tassel, embryo and young seeds (Figure S6) (Sekhon et al., 2011). Such 262 
constitutive expression was verified here in young seedlings of both Mo17 and B73 263 
cultivars (Figure S7). More interestingly, after combining mechanical wounding with 264 
inoculation of the maize fungal pathogen Fusarium graminearum, all three of these 265 
genes exhibited higher transcript abundance (Figures 6A). There was some variation 266 
in the timing and amount of increase, with ZmKSL5 exhibiting the largest increase 24 267 
hrs post-infection (hpi), similar to what is observed with An2/ZmCPS2, which has a 268 
known role in kauralexin biosynthesis (Vaughan et al., 2014). By contrast, ZmTPS1 269 
expression is only slightly induced at 12 hpi, and is actually lower at 24 hpi. At 48 h, 270 
expression of ZmTPS1 was repressed, consistent with previously reported microarray 271 
analysis (Huffaker et al., 2011).  272 
Treatment with abscisic acid (ABA) or a combination of jasmonic acid (JA) and 273 
ethephon (EP) has been reported to induce kauralexin accumulation, as well as 274 
expression of An2/ZmCPS2 (Schmelz et al., 2011), which produces the ent-CPP 275 
substrate of KSs (Harris et al., 2005). Thus, the expression of ZmTPS1, ZmKS(L3)/D5 276 
and ZmKSL5 in response to these defense hormones was investigated. Upon combined 277 
treatment with MeJA and EP, ZmKSL5 transcripts accumulated at 12 and 24 h after 278 
treatment. ZmTPS1 also showed increased transcript levels after 12 h, while 279 
An2/ZmCPS2 was found to exhibit increased transcript levels after 24 h (Figure 6B). 280 
By contrast, ZmKS(L3)/D5 transcript levels were slightly repressed. ABA strongly 281 
induced expression of An2/ZmCPS2 in the roots of maize seedlings, along with that of 282 
ZmKSL5 and ZmKS(L3)/D5, although not ZmTPS1 (Figure 6C). Treatment with JA 283 
has been reported to not induce kauralexin accumulation (Schmelz et al., 2011). 284 
Nevertheless, it does induce expression of An2/ZmCPS2, as well as ZmTPS1, 285 
ZmKS(L3)/D5 and ZmKSL5 (Figure 6D). Consistent with the induction observed here, 286 
the promoters for all three of these KS(L)/TPS-e genes contain various defense 287 
hormone response elements (Table S2). In any case, the inducible transcription of 288 
ZmTPS1 and ZmKSL5, as well as ZmKS(L3)/D5, is correlated to some extent with that 289 
of An2/ZmCPS2 (Figure 6), which indicates that these may be involved in more 290 
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specialized labdane-related diterpenoid biosynthesis, such as the production of the 291 
kauralexin A series.  292 
 293 
 294 
  295 
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Discussion 296 
Here it was found that maize contains a tandem array of genes, ZmTPS1, ZmKSL3 297 
and ZmKSL5 (Figure 3), which all exhibit KS activity (Figures 4). Although ZmTPS1 298 
was originally suggested to be responsible for maize sesquiterpene emissions (Schnee 299 
et al., 2002), this role has since been assigned to the herbivore-induced ZmTPS10 300 
instead (Schnee et al., 2006). Moreover, despite loss of the usual N-terminal γ-domain 301 
associated with the KS(L)/TPS-e sub-family, both ZmTPS1 and ZmKSL5 not only 302 
phylogenetically cluster with this sub-family (Figure 2), but also are targeted to the 303 
plastids (Figure S2), consistent with a role in di- rather than sesqui- terpenoid 304 
biosynthesis.  305 
While this tandem array falls within the region that has been mapped for the 306 
GA-deficient and KS-associated d5 mutation (Beavis et al., 1991), only the expression 307 
of ZmKSL3 seems to be affected in d5 plants (Figure 5), and reduced expression of 308 
ZmTPS1 or ZmKSL5 does not affect maize plant growth (Figure S4). Accordingly, 309 
ZmKSL3 corresponds to D5, and only this KS appears to be involved in production of 310 
GA, clarifying its metabolism. Notably, it has been previously reported that d5 plants 311 
exhibit some residual production of ent-kaurene (Hedden and Phinney, 1979), which 312 
is consistent with the KS activity of the unaffected ZmTPS1 and ZmKSL5 reported 313 
here. Although ZmTPS1 and ZmKSL5 exhibited constitutive expression in seedlings, 314 
they cannot compensate for the lack of ZmKS(L3)/D5 absence in d5 because they are 315 
not expressed in most actively growing tissues (Figure S6), similar to what has been 316 
described for the expression of the ent-CPP producing OsCPS1 and OsCPS2 from rice 317 
(Toyomasu et al., 2015), where only OsCPS1 is involved in GA metabolism 318 
(Sakamoto et al., 2004).  319 
In addition to being a precursor to GAs, ent-kaurene is an intermediate in the 320 
production of many other labdane-related diterpenoid natural products such as the 321 
maize kauralexins. A role for ZmTPS1 and ZmKSL5 in such more specialized 322 
metabolism is implied by the inducible transcription observed here, with a role in 323 
production of kauralexins suggested by the closely related expression pattern of 324 
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ZmKSL5 with that for An2/ZmCPS2, which has a known role in such biosynthesis 325 
(Figure 6). Although it has been suggested that kauralexins are derived only from 326 
ent-isokaurene (Schmelz et al., 2014), from these results it seems likely that 327 
kauralexins A1-3 are derived from ent-kaurene instead, with loss of the exocyclic 328 
C=C during transformation of C17 to the characteristic carboxylic acid (Figure 7), 329 
offering some insight into maize phytoalexin biosynthesis.  330 
Nevertheless, maize must contain an ent-isokaurene synthase for at least production 331 
of kauralexins B1-3. Rice has already been shown to encode such an enzyme, 332 
OsKSL5 and/or OsKSL6 (Kanno et al., 2006; Xu et al., 2007), which fall into the 333 
early diverging KSL clade of the TPS-e sub-family in cereals that is associated with 334 
more specialized diterpenoid metabolism (Figure 2). This clade also contains several 335 
KSLs from maize, and it seems likely that one of these (ZmKSL1, ZmKSL2 and/or 336 
ZmKSL4) serves as the ent-isokaurene synthase required for kauralexin biosynthesis, 337 
although further investigations are required to verify this.  338 
In any case, from the results reported here, it is possible to speculate about the 339 
origins of this maize array of KSs. This seems to arise from two tandem gene 340 
duplication events (Figure S8). The original KS, with a role in GA biosynthesis, 341 
likely resembled ZmKS(L3)/D5 and, given the presence of MeJA response elements in 342 
the promoters of all three genes, this ancestral gene may have already had a role in 343 
more specialized metabolism. Initial gene duplication would have then led to some 344 
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sub-functionalization, with loss of the N-terminal γ-domain in one copy, although 345 
with retention of the plastid targeting sequence. This seems to have occurred with the 346 
copy that assumed an increased role in more specialized metabolism, and this gene 347 
underwent an additional tandem gene duplication event leading to ZmTPS1 and 348 
ZmKSL5. The role of this secondary ancestral gene in more specialized metabolism is 349 
suggested by the presence of stress responsive ABA response elements and W-box 350 
sequences in the promoters of both ZmTPS1 and ZmKSL5, which are not present in 351 
that of ZmKS(L3)/D5 (Table S2). Interestingly, the presence of ABA response 352 
elements and inducible gene expression with ABA treatment are consistent with the 353 
recently suggested role for kauralexins in drought tolerance (Vaughan et al., 2014). 354 
Nevertheless, the somewhat different expression patterns observed for ZmTPS1 and 355 
ZmKSL5 suggests that these may play varied roles in maize diterpenoid metabolism.  356 
Regardless of the exact roles of ZmTPS1 and ZmKSL5, the results reported here 357 
clarify maize diterpenoid metabolism. In particular, despite the presence of a tripartite 358 
tandem array of KSs, GA biosynthesis primarily relies on just ZmKS(L3)/D5. On the 359 
other hand, the inducible expression of these KSs indicates a role in more specialized 360 
metabolism, with the closely matching co-expression between ZmKSL5 and 361 
An2/ZmCPS2 suggesting a role for this more specifically in kauralexin (i.e., 362 
phytoalexin) biosynthesis. In turn, the use of ent-kaurene as an intermediate provides 363 
insight into the production of these phytoalexins.  364 
 365 
 366 
Materials and methods 367 
Plant and fungal materials 368 
Maize cultivars Mo17 and B73 were grown on sterile water-agar medium for 10 369 
days, and these seedlings used for fungal infection and RNA extraction. F. 370 
graminearum was grown on potato dextrose agar (PDA) medium at 28 °C for 3 days, 371 
and spores collected by washing the mycelium with sterile water, the concentration of 372 
which was adjusted to 1 × 106 mL-1 with 0.1% Tween 20 carrier solution for plant 373 
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infection. Spores were sprayed on the maize leaves carefully scratched on the surface 374 
with a scalpel, then kept at 100% humility under a transparent cover for 24 hours. N. 375 
benthamiana was germinated and grown in soil at 22 °C with 16 h day/8 h night 376 
photoperiod for 4-5 weeks, ready for agroinfiltration.  377 
 378 
Gene cloning and recombinant constructs 379 
Plant seedlings inoculated with F. graminearum spores for 24 h were used for RNA 380 
extraction, which was reversely transcribed to cDNA using M-MLV reverse 381 
transcriptase (Takara). The coding sequence for ZmTPS1, ZmKSL3 and ZmKSL5 was 382 
amplified from this cDNA and ligated into pGM-T vector (Tiangen, Beijing). After 383 
sequencing and confirmation by comparison to the genomic data online (NCBI, 384 
MaizGDB, Phytozome 10.0), all three genes were subcloned into pET28a, with 385 
removal of the N-terminal transit peptide sequence (67 aa for ZmTPS1, 47 aa for 386 
ZmKSL5 and 53 aa for ZmKSL3 respectively), for recombinant expression. The 387 
full-length open reading frames of all three genes also were subcloned into pCAMBIA 388 
2300-eGFP with or without stop codon (ZmTPS1 and ZmKSL5) for transient 389 
expression under control of the CaMV 35S promoter in N. benthamiana. 390 
 391 
Recombinant biochemical analysis 392 
Each TPS was characterized by expression in a modular metabolic engineering 393 
system (Cyr et al., 2007). Accordingly, ZmTPS1, ZmKSL3 or ZmKSL5 in pET28a 394 
were co-transformed with pGGeC or pMBIS into BL21 E. coli. As previously 395 
described, upon induction pGGeC leads to the production of ent-CPP (Cyr et al., 396 
2007), while pMBIS leads to the production of FPP (Martin et al., 2003), enabling 397 
analysis of KS or sesquiterpene synthase activity, respectively. Cultures were 398 
inoculated from 3-5 co-transformed colonies, with 5 mL (liquid LB media) starter 399 
cultures grown at 37 °C and 200 rpm overnight, which was then transferred into 50 400 
mL LB medium for analysis. Recombinant expression was induced with 1 mM 401 
isopropyl β-D-1-thiogalactopyranoside (IPTG) when OD600 reached 0.6-0.8, and the 402 
culture fermented at 16 °C overnight. The culture was extracted twice with an equal 403 
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volume of hexanes, and this organic extract separated and dried down by rotary 404 
evaporation. The residue was resuspended with 100 μL hexanes, and 1 μL was 405 
injected for GC-MS analysis, which was performed using an Agilent 6890-5973 with 406 
detection by a quadruple mass spectrometer in EI mode using the following 407 
temperature program: 70 °C for 2 min, increase to 250 °C at 10 °C/min, which was 408 
held for 2 min. To verify the production of ent-kaurene, OsKS was incorporated into 409 
the same system to make an authentic standard for direct comparison of retention time 410 
and mass spectra.  411 
 412 
Transient expression in N. benthamiana 413 
Transient overexpression of ZmTPS1, ZmKSL3 and ZmKSL5 in N. benthamiana 414 
was carried out as described (Bruckner and Tissier, 2013). Briefly, Agrobacterium 415 
tumefaciens strain GV3101 was transformed with pCAMBIA 2300-eGFP constructs, 416 
with or without stop codons, and the resulting recombinant strains infiltrated into 5 417 
weeks old N. benthamiana, either with or without An2, as well as P19 to suppress post 418 
transcriptional silencing (Voinnet et al., 2003). Leaves were collected 5 days after 419 
infiltration for extraction, which was carried out by grinding in liquid N2, followed by 420 
swirling with hexanes. The hexanes extracts were filtered, concentrated by rotary 421 
evaporation, and fractionated by the silica gel column chromatography, with elution 422 
by a 20:1 mixture of hexanes and ethyl acetate. The eluted fractions were dried under 423 
N2 gas, and the residues were dissolved in hexanes for GC-MS analysis as above. 424 
Subcellular localization was analyzed using a Nikon A1R/A1 confocal laser scanning 425 
microscope, with leaves collected 4 days after infiltration, as previously described 426 
(Vaughan et al., 2013).  427 
 428 
Gene expression analysis 429 
10 day-old Mo17 and B73 seedlings were separated into root and shoot tissues, 430 
which were used for constitutive gene expression analysis. Mo17 seedlings also were 431 
used for pathogen inoculation and phytohormone treatment. Before all treatments, the 432 
seedlings were wounded, using a scalpel to scratch three 2-3 cm incision on the leaves. 433 
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F. graminearum spores (1 × 106 mL-1) were sprayed on the seedlings in 0.1% Tween 434 
20 carrier solution. For phytohormore treatment, each seedling was sprayed with 2 435 
mL of 50 μM MeJA solely or combined with 16.5 μM EP in 0.1% Tween 20. 100 μM 436 
ABA was used to treat roots of Mo17 seedling. All treated seedlings were covered 437 
with a transparent plastic dome to keep the humidity at roughly 100%. Leaf and root 438 
samples were collected at 0, 12, 24, and 48h after inoculation or treatment. Total RNA 439 
was isolated with TRNzol (Tiangen, Beijing) followed the manufacture protocol, with 440 
cDNA synthesis carried out as recommended by the M-MLV reverse transcriptase kit 441 
from Takara. Semi-quantitative RT-PCR was performed to analyze constitutive gene 442 
expression of the three TPS genes in Mo17 and B73 root and above ground tissues. 443 
Quantitative RT-PCR was performed to check the inducible expression of the three 444 
TPS genes following fungal pathogen infection and MeJA treatment, which was 445 
carried out on a Bio-Rad CFX96 using the SsoFast Eva Green Supermix (Bio-Rad). 446 
Ef1α was used as endogenous control. Semi-quatitative RT-PCR for ZmTPS1, 447 
ZmKSL5, An2 and Ef1α was carried out using the same primers used for qPCR (Table 448 
S3). All amplicons were sequenced to verify primer specificity.  449 
 450 
Gene expression and sequencing in d5 mutant 451 
Seeds for the d5 mutant and its inbred parental line (A188) were obtained from 452 
MaizeGDB (stock numbers 214C-d5 and Ames 22443, respectively). The parental 453 
(wild-type) and d5 mutant were grown in a potting soil mix under the same conditions 454 
as Mo17 and B73. After 10 days, leaves were collected for gDNA and RNA extraction 455 
for gene expression and sequencing analysis by semi-quantitative RT-PCR as above. 456 
To verify that the observed dwarfish was due to GA deficiency, 40 mg/L GA3 was 457 
applied to a 10 day-old d5 seedling, and phenotype was observed daily for two weeks. 458 
The genomic sequence of ZmKSL3 was amplified from d5, as well as B73 and the 459 
parental line A188, and sequenced.  460 
 461 
Identification of ZmKSL5 and ZmTPS1 mutants 462 
 Uniform Mu mutants were acquired for ZmKSL5 (UFMu-08573) and ZmTPS1 463 
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(UFMu-06794) from MaizeGDB. The parental line (W22) and mutants were grown in 464 
a potting soil mix under the same conditions as above. After 10 days, RNA was 465 
extracted from leaves for cDNA synthesis. Mutant plants were identified through 466 
qRT-PCR, and allowed to grow further to verify the lack of an obvious growth defect.  467 
 468 
Bioinformatics analysis 469 
All maize putative diterpene synthases and other cereal KS(L)s were analyzed 470 
using CLC sequence viewer 7.0 (CLC bio) to produce a rooted phylogenetic tree from 471 
their amino acid sequences, using the default settings, with CmKS and AtKS as the 472 
outgroup. The gene accession numbers are as follows: maize KS(L)s (ZmKSL1, 473 
AFW61735; ZmKSL2, DAA54948; ZmKSL3, DAA36069; ZmKSL4, DAA49845; 474 
ZmKSL5, NP_001141888; ZmTPS1, AAO18435); rice KS(L)s (OsKS, 475 
NP_001053841; OsKSL2, LC033788; OsKSL4, AY616862; OsKSL5, DQ823352; 476 
OsKSL6, ABH10733; OsKSL7, DQ823354; OsKSL8, AB118056; OsKSL10, 477 
DQ823355; OsKSL11, DQ100373); wheat KS(L)s (TaKSL1, AB597957; TaKSL2, 478 
AB597958; TaKSL3, AB597959; TaKSL4, AB597960; TaKSL5, AB597961; 479 
TaKS(L6), AB597962); barley (Hordeum vulgare) KS (HvKS, AY551436); AtKS 480 
(AAC39443); Cucurbita maxima KS (CmKS, U43904). Subcellular location was 481 
predicted using ChloroP (www.cbs.dtu.dk/services/ChloroP/), Predotar 482 
(urgi.versailles.inra.fr/predotar/predotar.html), PCLA 483 
(www.andrewschein.com/cgi-bin/pclr/pclr.cgi) and iPSORT (ipsort.hgc.jp/), with 484 
transit peptide sequence cutoff setting using amino acid sequence of tested genes. 485 
Promoter analysis was carried out using 1.5 kb upstream sequences from the initiating 486 
codons of ZmTPS1, ZmKSL3 and ZmKSL5, which were downloaded from phytozome 487 
10.0, with cis-regulatory element prediction performed using PlantCARE 488 
(bioinformatics.psb.ugent.be/webtools/plantcare/html/) and PLACE 489 
(www.dna.affrc.go.jp/PLACE/). Heat map of ZmKSL and An2 gene expression in 490 
B73 tissues was plotted with gplots package of R program.  491 
 492 
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Figure legends 500 
 501 
Figure 1. Natural products derived from ent-(iso)kaurene.  502 
 503 
Figure 2. Phylogenetic tree of cereal KS(L)s (AtKS and CmKS from dicots included 504 
as designated outgroup). This tree was constructed with neighbor joining method with 505 
CLC sequence viewer 7.0 software package. The percentage of replicate trees in 506 
which the associated taxa clustered together in the bootstrap test (1000 replicates) are 507 
shown next to the branches.  508 
 509 
Figure 3. A 60kb tandem gene array on maize chromosome 2 consists of ZmTPS1, 510 
ZmKSL3 and ZmKSL5.  511 
Gene position was based on the Mo17 genomic sequence data from Phytozome 10.0.  512 
 513 
Figure 4. Characterization of KS activity for ZmTPS1, ZmKSL3 and ZmKSL5.  514 
A, GC-MS analysis (272 m/z extracted ion chromatographs) of the enzymatic 515 
products of ZmTPS1, ZmKSL5 and ZmKSL3. 516 
B, Production of ent-kaurene by ZmTPS1, ZmKSL5 and ZmKSL3 transiently 517 
expressed in N. benthamiana with An2  (ZmCPS2). GC-MS analysis (272 m/z 518 
extracted ion chromatographs) was carried out using leaf extract after infiltration for 5 519 
days. Agrobacterium GV3101 harboring P19 was coinfiltrated in all treatment.  520 
Authentic ent-kaurene (Retention time, 17.80 min.) made by OsKS was used for 521 
retention time and mass spectra comparison. EV is the empty vector control.  522 
 523 
Figure 5. Only ZmKSL3 is not expressed in d5 mutant.  524 
A, RT-PCR analysis of expression of ZmTPS1, ZmKSL3 and ZmKSL5 in the A188 525 
parental/wild-type (WT) line, relative to two d5 mutant maize plants (d5-1 and d5-2), 526 
reveals that only ZmKSL3 expression is abrogated in d5 plants. 527 
B, 100 bp loss close to the initial codon (underlined) was observed in genomic region 528 
corresponding to 5’UTR of ZmKSL5 in d5, in which one CAAT box (red box) was 529 
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predicted. Detailed alignment and sequence information are located in supplementary 530 
files.  531 
 532 
Figure 6. Inducible gene expression pattern of ZmTPS1, ZmKSL3 and ZmKSL5.  533 
A-D, qRT-PCR analysis for gene expression  of three KS with treatment of F. 534 
graminearum spores inoculation (A), MeJA + EP (B), ABA (C) and MeJA (D). An2 535 
was used as positive control. Leaves were collected at 0 (blue), 12 (red), 24 (green) 536 
and 48 (purple) hr with treatment for all analysis except ABA treatment, in which root 537 
was treated and collected for qRT-PCR analysis.  538 
 539 
Figure 7. GA and kauralexin A biosynthesis in maize.  540 
An1 and An2 were identified as specific ent-CPP producing CPSs for GA and 541 
kauralexin biosynthesis, respectively. Bold arrows indicate the GA biosynthetic steps.  542 
 543 
 544 
Supplemental data 545 
 546 
Figure S1. GC-MS analysis of ZmTPS1 sesquiterpene products.  547 
A, Total ion chromatography of GC-MS analysis for coexpression products of 548 
ZmTPS1 and IspA (FPP synthase from E. coli). 549 
B to D, Mass spectra of ZmTPS1 sesquiterpene products, which are identified through 550 
mass spectra comparison with that of NIST MS library as β-farnesene (Peak 1, B), 551 
nerolidol (Peak 2, C) and farnesol (Peak 3, D).  552 
 553 
Figure S2. Plastidic localization of ZmTPS1, ZmKSL5 and ZmKSL3. 554 
Images of the leaf epidermis of N. benthamiana expressing different eGFP fusion 555 
protein are shown, eGFP (A to D), eGFP fused to ZmTPS1 (E to H), eGFP fused to 556 
ZmKSL5 (I to L) and eGFP fused to ZmKSL3 (M to P). All expression was controlled 557 
with CaMV 35S promoter.  558 
A, E, I and M, eGFP fluorescence.  559 
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B, F, J and N, Chlorophyll autofluorescence.  560 
C, G, K and O, Bright-field image.  561 
D, H, L and P, Overlay images.  562 
Scale bar indicates 20 μm.  563 
 564 
Figure S3. Maize d5 mutant seedlings and height restoration by GA treatment. 565 
A, The d5 mutants showed dwarfism (marked with red arrow).  566 
B, The 10 days d5 mutant (marked with red arrow) and WT seedling.  567 
C, The height restoration of d5 (marked with red arrow) with GA treatment.  568 
 569 
Figure S4. ZmTPS1 and ZmKSL5 mutants did not show dwarf phenotype. 570 
Gene expression of ZmTPS1 and ZmKSL5 was analyzed with qRT-PCR to identify 571 
their mutants, in comparison to that of wild type line W22.  572 
 573 
Figure S5. GC-MS analysis of KS activity for ZmTPS1 and ZmKSL5 in d5. 574 
 575 
Figure S6. Heat map of KSL gene expression in B73 with An2.  576 
Expression data was obtained from PLEXdb and MaizeGDB for heat map plotting. 577 
ZmTPS1 and ZmKSL5 have correlated expression patterns with An2 in B73 tissues, in 578 
contrast to ZmKSL3.  579 
 580 
Figure S7. Constitutive gene expression pattern of ZmTPS1, ZmKSL3 and ZmKSL5. 581 
RT-PCR analysis for constitutive expression of three KS genes in root (R) and above 582 
ground tissues (L) of Mo17 and B73 young seedling. Ef1α was used as control. 583 
 584 
Figure S8. Proposed evolution of maize tandem KS gene array.  585 
 586 
Table S1. Plastid localization prediction results.  587 
 588 
Table S2. Predicted cis-regulatory elements in 1.5 kb promoter region of three KS 589 
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genes.  590 
 591 
Table S3. Primers used for semi-quantitative (S) and quantitative RT-PCR.  592 
 593 
Sequence alignment S1. Alignment of ZmKSL5 CDS in B73 and d5.  594 
 595 
Sequence alignment S2. Alignment of ZmTPS1 CDS in B73 and d5.  596 
 597 
Sequence alignment S3. Alignment of genomic sequence of ZmKSL3 in B73 and d5, 598 
the CDS in B73 was used for comparison too. The initial codon is underlined and the 599 
CAAT box missed in d5 is labeled with red box.  600 
  601 
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